Abstract: Herein we report that the neat polyacrylonitrile (PAN) nanofibers and PAN/FeCl 3 composite nanofibers were prepared by the materials-processing technique of electrospinning. The effect of FeCl 3 amount on the morphology and wetting behavior of the resulting composite nanofibers were studied by scanning electron microscopy (SEM) and drop shape analysis (DSA), respectively. The SEM images indicated that the diameters of composite nanofibers decreased with increase of FeCl 3 amount, and this was probably due to the conductivity increase of spinning solutions. The results acquired from DSA measurement showed that the addition of FeCl 3 increased the surface contact angle of water deposited on composite nanofibers, suggesting the higher hydrophobicity and the lower wetting behavior. Additionally, the effect of FeCl 3 on stabilization and carbonization of the PAN composite nanofibers were investigated. The structural and morphological evolutions of the stabilized and carbonized nanofibers were studied by Fourier transfer infrared (FTIR) spectra and SEM. The FTIR spectra showed that the presence of FeCl 3 in composite nanofibers considerably varied the mechanisms of thermo-chemical reactions during the heat treatments. The SEM images revealed that there were conglutinations of nanofibers after carbonization, while the degree of conglutination for the carbonized PAN composite nanofibers with FeCl 3 was higher than that for the carbonized neat PAN nanofibers.
Introduction
Polyacrylonitrile (PAN) copolymers are important precursors for making carbon fibers including the recently developed carbon nanofibers. Carbon nanofibers have attracted growing interests as high-performance materials because of their superior properties such as large surface area, low density, high modulus and strength, as well as excellent electrical conductivity and thermal stability [1] [2] [3] . The applications of carbon nanofibers include, but not limited to nanocomposites, high temperature catalysis, electrochemistry, filters, lithium-ion batteries, and energy storage [4] . In general, carbon nanofibers are prepared through stabilization in air followed by carbonization in an inert environment of PAN nanofibers (particularly prepared by electrospinning) [5] [6] .
The materials-processing technique of electrospinning provides a straightforward approach to conveniently produce continuous nanofibers with diameters ranging from tens to hundreds of nanometers. Recently, the incorporation of inorganic compounds into electrospun nanofibers has been extensively studied; this is because the aselectrospun nanofibers can be readily converted into polymer/metal or polymer/semiconductor composite nanofibers through subsequent chemical treatments [7] [8] [9] [10] [11] [12] [13] . The inorganic compounds of ferric acetylacetonate (Fe(acac) 2 ) [6] , AgNO 3 [7] , and ZnCl 2 [8] have been investigated. The resulting composite nanofibers have many potential applications such as photographic and optical materials, catalysis, ionic conductors, sensors, and environmental protection materials [11] [12] [13] [14] [15] . For example, Wang L and coworkers [6] prepared and investigated carbon nanofibers containing Fe 3 O 4 through electrospinning of PAN/Fe(acac) 2 nanofibers followed by thermal treatments of stabilization and carbonization. The Fe 3 O 4 in the nanofibers played an important role in increasing the effective surface area, enhancing the electronic conductivity, and improving the wettability of the fabricated electrode. Their study suggested that the carbon nanofibers containing Fe 3 O 4 could be a promising type of anode material for high-performance lithium-ion batteries. Wang YZ et al [7] prepared electrospun PAN/AgNO 3 composite nanofibers; subsequently, silver ions were converted into Ag nanoparticles through reduction with N 2 H 5 OH aqueous solution. Morphological and structural properties of the composite nanofibers as well as the effect of Ag nanoparticles on the formation of graphitic structure during carbonization were investigated. Zhang XW et al [8] explored the electrospinning of PAN/ZnCl 2 composite nanofibers and the sensing performance of these nanofibers to H 2 S. Their study indicated that ZnCl 2 in the composite nanofibers could react with H 2 S, resulting in the formation of ZnS crystals on the surface of fibers; therefore, the electrospun PAN/ZnCl 2 nanofibers could potentially be used for sensing and/or removing of H 2 S.
The chlorides of transition metals (e.g., FeCl 3 , ZnCl 2 , NiCl 2 , and CoCl 2 , etc.) are often used as Lewis acids; meanwhile, some polymers with electronegative groups (e.g., PAN with C≡N group) can coordinate Lewis acids. The coordination of a Lewis acid may vary the thermo-chemical behavior of PAN; in general, the dehydrogenation of PAN is likely to occur around the coordination sites, leading to the subsequent crosslinking/stabilization and eventual carbonization/graphitization. In other words, a Lewis acid of transition metal chloride could act as catalyst for facilitating/promoting thermo-chemical transitions of a polymer [16] [17] [18] [19] [20] [21] . Jang JW and Cai YB et al [16] [17] [18] studied the effects of FeCl 3 on thermal-degradation properties of acrylonitrilebutadiene-styrene (ABS) copolymers; their results indicated that the −C≡N group could coordinate FeCl 3 . The formation of coordination bond effectively promoted the formation of non-volatile charred residue; in addition, the Fe 3+ ions could also capture the free radicals during the thermal degradation of the composite nanofibers via gasphase flame-retardant mechanism [22] .
In the present work, we report that the incorporation of FeCl 3 into electrospun PAN nanofibers results in a new type of functional material. The morphology and wetting behavior of electrospun PAN/FeCl 3 composite nanofibers were characterized by SEM and drop shape analysis (DSA), respectively. Additionally, the electrospun PAN nanofibers and PAN/FeCl 3 composite nanofibers were further oxidized/stabilized and carbonized. The effect of FeCl 3 on the structural and morphological evolutions of the resulting carbon nanofibers was investigated by FTIR and SEM.
Results and discussion

Morphology and structure of as-electrospun nanofibers
The representative morphologies of as-electrospun nanofibers made from 12 wt.% PAN solutions with different amounts of FeCl 3 (i.e., 0, 3, and 5 wt.%) are shown in Fig. 1 ; the nanofibers were prepared under the same electrospinning parameters (e.g., applied voltage, feed rate and the distance between the needle tip to the collector). The images in Fig. 1 indicated that all of the fibers had smooth surfaces, and they were cylindrical without microscopically identifiable beads and/or beaded nanofibers [8] . The fibers were randomly overlaid in fibrous mats. With different amounts of FeCl 3 , the diameters of as-electrospun nanofibers also varied. As shown in Fig. 1(a) , the diameters of the neat PAN nanofibers were in the range from 200 to 500 nm, and the distribution of fiber diameters was relatively wide. The incorporation of FeCl 3 reduced diameters of the resulting PAN composite nanofibers; as shown in Fig. 1(b) , the diameters of electrospun PAN composite nanofibers with 3 wt.% FeCl 3 were ranging from 150 to 300 nm, and the distribution was much narrower than that of the neat PAN nanofibers. When the FeCl 3 amount increased to 5 wt.%, the diameters of the corresponding composite nanofibers were further decreased into the 100-200 nm range; and the distribution was extremely narrow, as shown in Fig. 1(c) . In addition, the conglutination of some nanofibers could be occasionally observed; this indicated that trace amount of solvent might still exist in the as-electrospun nanofibers when they were collected. It is also noteworthy that some nanofibers with diameters of several nanometers were also found in the composite nanofibers of PAN with 5 wt.% of FeCl 3 , as indicated by arrows in Fig. 1(c) . The following is the proposed explanation: the addition of FeCl 3 into the spinning solution resulted in the increase of the charge density in electrospinning jets/filaments; consequently, stronger stretching force was imposed to the jets/filaments due to self-repulsion of the excess charges. Such a situation further led to substantially straighter nanofibers and considerably smaller diameters. The conductivity values were 84.6, 134.2, and 149.3 µs/cm for the electrospinning solutions of neat PAN, PAN with 3 wt.% FeCl 3 , and PAN with 5 wt.% FeCl 3 , respectively; i.e., the conductivity value was increased by 43.6 % with the addition of 5 wt.% FeCl 3 into the solution. The acquired results were consistent with those in the previously reported researches [8, [23] [24] [25] [26] . Thus, we concluded that the decrease of fiber diameters with increase of FeCl 3 amount could be attributed predominantly to the increased conductivity of the solutions for electrospinning. 
Wetting behavior
The effect of FeCl 3 on wetting behavior of composite nanofibers was studied by the method of drop shape analysis (DSA). The contact angle was measured between a drop of water and the surface of a nanofiber mat. could form coordinate bonds with groups possessing strong electronegativity (e.g., C≡N group), as schematically shown in Fig. 2 ; the formations of molecular, intramolecular and intermolecular coordination bonds could probably reduce the chance of C≡N groups contacting with water by hydrogen bonds, resulting in the improved hydrophobicity of PAN composite nanofiber mats. Hence, we concluded that the addition of FeCl 3 increased the surface contact angle, and thus decreased the wetting behavior of PAN composite nanofiber mat.
Tab. 1. Correlation between the amounts of FeCl 3 and the surface contact angles of water droplets on nanofiber mats. 
Morphology and structure of stabilized and carbonized nanofibers
To study the effect of FeCl 3 on stabilization (in air) and carbonization (in nitrogen) of PAN composite nanofibers, the FTIR spectra of the stabilized PAN nanofibers and PAN composite nanofibers with different FeCl 3 amounts were acquired (Fig. 3) . It could be found from Fig. 3 that there were the same characteristic absorption bands for PAN nanofibers and PAN composite nanofibers after the stabilization. The characteristic bands located at about 2939 and 2850 cm -1 were assigned to the C−H stretching vibrations. The absorption peaks at about 3400, 2243, and 1590 cm -1 corresponded respectively to the stretching vibrations of O−H, C≡N, and C=N groups; while the peaks at about 1363 and 810 cm -1 were attributed to the bending vibrations of C−H and C=C groups. The results indicated that dehydrogenation and cyclization reactions occurred during the stabilization process, and aromatic and/or heatresistant structures might have been formed [1] . However, the Fig. 3 also showed that the intensity of the peak located at 2243 cm -1 (stretching vibration of C≡N group) increased with increase of FeCl 3 amount. This suggested that the addition of FeCl 3 might hinder the conversion of C≡N groups in PAN into C=N groups; in other words, the presence of FeCl 3 might partially prevent the cyclization of PAN macromolecules due to the formation of coordinate bonds between FeCl 3 and C≡N groups. Meanwhile, a new and weak absorption peak at about 1700 cm -1 corresponding to stretching vibration of carbonyl (C=O) groups emerged after stabilization. It was also noteworthy that the intensities of absorption peaks at about 1700 cm -1 (stretching vibration of C=O group) and 1200 cm -1 (stretching vibration of C−O group) increased after stabilization. The above results indicated that the FeCl 3 possessed the catalysis effect and induced the formations of various structures upon stabilization of PAN (e.g., bridging ether links and carbonyl groups [27] ). Additionally, the Fig. 3 also showed that the C−H characteristic absorption band at 1363 cm -1 tend to decrease with increase of FeCl 3 amount. The reasons might be that the ions of Fe 3+ were coordinated with C≡N groups; the coordination interaction would promote the dehydrogenation reaction, and thus facilitating the molecular crosslinking [16] [17] [18] . The FTIR spectra of PAN nanofibers and PAN composite nanofibers with different FeCl 3 amounts after carbonization were also acquired, as shown in Fig. 4 . The characteristic absorption peaks at about 2939 and 2850 cm -1 (C−H stretching vibrations) were weaker for the carbonized PAN/FeCl 3 composite nanofibers, as compared to those of the carbonized PAN nanofibers; and the peak intensity decreased slightly with the increase of FeCl 3 amount. Such results suggested that the addition of FeCl 3 promoted the dehydrogenation reaction during the carbonization process. Meanwhile, it could be also found that the stretching vibration of −C≡N group at about 2243 cm -1 disappeared for all of the carbonized nanofibers; this indicated that the cyclization reaction was completed after carbonization.
Morphologies of the carbonized PAN nanofibers and PAN composite nanofibers with 5 wt.% FeCl 3 were examined by SEM, and the representative SEM images are shown in Fig. 5 . The surfaces of the carbonized nanofibers (Fig. 5 ) became rough and wrinkled as compared to those of the nanofibers prior to carbonization (Fig. 1) .
This was because the nanofibers experienced inhomogeneous shrinkage through a series of chemical reactions during the stabilization and carbonization. It is noteworthy that, during the production of conventional carbon fibers, an optimal tension is applied to the precursor fibers during the heat treatments of stabilization and carbonization; while tension was not applied during the preparation of the nanofibers in this study. This resulted in the rough and wrinkled surface morphologies; presumably, the mechanical properties of the prepared carbon nanofibers would be low. The Fig. 5 also indicates that there were conglutinations of nanofibers after carbonization, while the degree of conglutination for the carbonized PAN composite nanofibers with 5 wt.% FeCl 3 appeared to be higher than that for the carbonized neat PAN nanofibers. This might be due to the reason that the presence of FeCl 3 promoted/facilitated the dehydrogenation through the formation of macro-radicals; the macro-radicals in different nanofibers could recombine at the locations where nanofibers were touched, resulting in the conglutination of nanofibers and leading to the formation of three-dimensional network of nanofibers. Such a morphology could be desired, particularly for the application of catalyst support.
Conclusions
The morphology and wetting behavior of electrospun PAN nanofibers and PAN composite nanofibers with varied amounts of FeCl 3 were characterized by SEM and DSA. The SEM images showed that the diameters of composite nanofibers decreased with the increase of FeCl 3 amounts. The DSA measurements indicated that the addition of FeCl 3 increased the surface contact angle of water, suggesting the higher hydrophobicity and the lower wetting behavior. The prepared electrospun PAN nanofibers and PAN/FeCl 3 composite nanofibers were further stabilized (in air) and carbonized (in nitrogen) to develop carbon nanofibers; and the structural and morphological evolutions of nanofibers before and after the heat treatments were investigated by FTIR and SEM. The FTIR spectra showed that the presence of FeCl 3 in the composite nanofibers considerably varied the mechanisms of thermo-chemical reactions during the heat treatments. The SEM images revealed that there were conglutinations of nanofibers after carbonization, while the degree of conglutination for the carbonized PAN composite nanofibers with 5 wt.% FeCl 3 appeared to be higher than that for the carbonized neat PAN nanofibers. It is envisioned that the developed materials could be particularly useful for the applications such as catalyst support.
Experimental part
Materials
The (Shanghai, China). All of the chemicals were in analytical grade and were used as received without further purification.
Preparation of electrospun nanofibers
PAN was first dissolved in DMF to prepare a 12 wt.% solution, various amounts of FeCl 3 (0, 3 and 5 wt.%) were then added into the solution; the solutions were mechanical stirred for 24 hrs prior to electrospinning. Subsequently, a solution was filled in a 10 ml BD Luer-Lok™ tip plastic syringe having an 18 gauge stainless-steel needle with 90° blunt end. The electrospinning setup included a high voltage power supply, purchased from the Dongwen Co. (Tianjing, China), and a nanofiber collector of electrically grounded aluminum foil that covered a roller with the diameter of 25 cm. The collector was placed at 15 cm below the tip of needle. During electrospinning, a positive high voltage of 14 kV was applied to the needle; and the solution feed rate of 0.4 ml/h was maintained using a syringe pump purchased from the Medical Instrument Co. (Hangzhou, China). When the high voltage was applied, a jet/filament of solution was ejected and accelerated toward the electrically grounded collector, during which the solvent was rapidly evaporated. Electrospun nanofibers were accumulated on the surface of aluminum foil and collected as a fibrous mat.
Measurement of conductivity of electrospinning solutions
The solution conductivity was measured using a digital conductivity meter (DDS-11A), purchased from the Tianda Instrument Co. (Shanghai, China). The reported values of conductivity were the average values of five independent measurements.
Stabilization and carbonization of electrospun nanofibers
During the stabilization, electrospun PAN nanofibers and PAN/FeCl 3 composite nanofibers were heated in air from 20 to 250 o C with a heating rate of 10 o C/min; this was followed by maintaining the temperature at 250 o C for 2 hrs. During the carbonization, the stabilized nanofibers were further heated in nitrogen from 250 to 600 o C with a heating rate of 10 o C/min; this was followed by maintaining the temperature at 600 o C for 1 hr before being naturally cooled to the room temperature.
SEM examination
A Quanta-200 scanning electron microscope (SEM) was employed to examine morphologies of nanofibers; prior to SEM examination, all specimens were sputtercoated with gold to avoid charge accumulations. The average fiber diameter of approximately 100-120 fibers per sample was calculated using the Image Pro-Plus 3.0 software.
Measurement of surface contact angles
The surface contact angles were measured with a drop shape analysis (DSA 100) apparatus (KRUSS, Germany). Deionized water was dropped onto a sample from a needle on a micro-syringe during the test. A picture of the drop was captured after the drop set onto the sample. The surface contact angle was calculated by the software through analyzing the shape of the drop. The reported value of surface contact angle was the average value of five independent measurements.
FTIR analysis
The Fourier transfer infrared (FTIR) spectra were recorded on a Nicolet MAGNA-IR 750 spectrometer in the range of 350 to 4000 cm -1 with a resolution of 4 cm -1
. The preparation of a sample for FTIR was as follows: a small amount of a testing sample was ground together with pre-dried KBr into a uniform mixture in a mortar; the mixture was then pressed into standard thin disk. The amount of each sample was the same for FTIR analysis.
